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nThe management of chronic thromboembolic pulmonaryhypertension (CTEPH) has been associated with major
changes over the past 10 years. Although the disease was
once considered to be rare, occurring in 0.1% to 0.5% after
acute pulmonary emboli, recent studies have shown that the
prevalence of CTEPH ranges between 1% and 10% after
acute symptomatic pulmonary emboli.1,2 Hence, increasing
awareness and adequate evaluation have led CTEPH to be-
come the leading cause of precapillary pulmonary hyperten-
sion with an estimated incidence that could be as high as 20
to 30 cases per million inhabitants per year in the general
population. The disease should therefore actively be sought
and treated if detected.
The pathophysiology leading to CTEPH is complex and
still not completely understood. The most important concept
is that the development of pulmonary hypertension is not
simply related to a mechanical obstruction due to the chronic
thromboembolic material but rather to the occurrence of a
secondary vasculopathy due to the inflammatory milieu and
continuous shear stress caused by this persistent thrombo-
embolic material. The inflammation and shear stress will
eventually lead to the proliferation of endothelial cells and
smooth muscle cells along the pulmonary arterial wall with
progressive worsening of the pulmonary hypertension and
right heart failure. Hence, pulmonary hypertension will
worsen in the face of adequate anticoagulation as a conse-
quence of the secondary vasculopathy and not because of
recurrent thromboembolic events. Because the secondary
vasculopathy may potentially lead to residual pulmonary hy-
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CTEPH should undergo pulmonary endarterectomy to re-
move the chronic thromboembolic material early in the
course of the disease.3
Ventilation-perfusion (V/Q) scan and echocardiogram are
the most important noninvasive investigations used to estab-
lish the diagnosis of CTEPH. The V/Q scan does not differ-
entiate between acute and chronic disease. However, several
studies have shown that the acute components of the pulmo-
nary emboli do resolve within 4 to 6 weeks in 90% of the
patients and within 6 months in all patients.1 Hence, symp-
omatic patients with a persistent unmatched perfusion de-
ect on V/Q scan despite adequate anticoagulation for 3 to 6
onths require referral to a specialized center for further
valuation, particularly if there is direct or indirect evidence
f pulmonary hypertension on echocardiogram. The echo-
ardiographic signs can range frommild ventricular dysfunc-
ion to severe right ventricular pressure overload. Even if the
chocardiographic findings are limited, the presence of per-
istent unmatched perfusion defects on V/Q scan in a symp-
omatic patient should raise concern about the possibility of
TEPH and mandate referral to a specialized center. On rare
ccasions, patients presenting with evidence of severe right
entricular dysfunction may require urgent or semi-urgent
urgery even though they have not yet completed 3 to 6
onths of anticoagulation.
Pulmonary endarterectomy is the standard of care for the
reatment of CTEPH, offering a chance of cure for the major-
ty of the patients. Surgical candidates are selected based on
ight heart catheterization, pulmonary angiography, and
omputed tomography pulmonary angiogram. We currently
o not exclude patients from surgery based on the severity of
he elevation in pulmonary vascular resistance because an
dequate pulmonary endarterectomy can restore normal or
ear normal cardiopulmonary function even in patients with
dvanced disease.
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Figure 1 Setup of the patient in the operat-
ing room. The patient is placed in the su-
pine position on the operating table. The
radial arterial line and cordis are inserted
under local anesthesia with mild intrave-
nous sedation. A Swan–Ganz catheter with
continuous monitoring for mixed venous
saturation (SvO2) and cardiac output is then
floated into the pulmonary artery while the
patient is awake. After installation of the
monitoring devices, the patient is anesthe-
tized and intubated with a single lumen en-
dotracheal tube. A subclavian triple lumen
venous line and a femoral arterial line are
then inserted. A Foley catheter with a tem-
perature probe as well as a rectal tempera-
ture probe are positioned for continuous
monitoring of the core temperature. A
transesophageal echocardiography is per-
formed while the patient is being prepped
and draped and the surgery started. On rare
occasions, in patients with decompensated
severe right ventricular failure, the setup
may be completed (including prepping and
draping) before the patient is anesthetized.
170 I. Opitz and M. de PerrotFigure 2 Cardiopulmonary bypass. A median sternotomy is performed and the pericardium is longitudinally incised and
suspended to expose the heart. After heparinization, the aortic cannula is introduced into the ascending aorta and fixedwith
2 purse-string sutures. Two caval cannulas are placed via the right atrium, each fixed with a purse-string suture. First, the
superior vena cava cannula is inserted to start partial cardiopulmonary bypass and decompress the right atrium and right
ventricle that are typically distendeddue to the pulmonary hypertension.Oncepartial cardiopulmonary bypass is started, the
right atrium can then bemore adequately retracted to insert the second cannula into the inferior vena cava. Both cannulas are
encircled and prepared for snaring. The cooling process starts. A vent is placed into the left ventricle via the right superior
pulmonary vein when ventricular fibrillation occurs. A second vent is then placed laterally in the proximal main pulmonary
artery. IVC inferior vena cava; PA pulmonary artery; SVC superior vena cava.
Technique of pulmonary thromboendarterectomy 171Figure 3 Dissection of the right and left pulmonary artery. The patient is cooled down to 20°C. During the cooling
process, the right and left main pulmonary arteries are dissected. On the right side, the pulmonary artery is dissected
off the ascending aorta and superior vena cava and the pulmonary artery is exposed down to the middle lobe branches
behind the right superior pulmonary vein. On the left side, the pulmonary artery is exposed by sectioning the arterial
ligament. A cardioplegia cannula is then placed proximal to the aortic cannula in the ascending aorta. Once the core
temperature reaches 20°C, the aorta is cross-clamped and myocardial protection is applied by antegrade cardioplegia
infusion. The cardioplegia is then performed every 20 to 30 minutes. The superior and inferior vena cava are snared.
The left ventricle is observed to prevent any distension. The aortic cross-clamp is retracted laterally to the left side of the
patient and the superior vena cava is elevated and retracted laterally to the right side to expose the right pulmonary
artery. PA  pulmonary artery.
172 I. Opitz and M. de PerrotFigure 4 Arteriotomy of the right pulmonary artery. An arteriotomy is performed in the midline of the right pulmonary
artery from behind the ascending aorta to the right superior pulmonary vein close to the take off of the middle lobe
branches. In the presence of distal disease, the arteriotomy occasionally must be extended distally to expose the
descending part of the right pulmonary artery to the right lower lobe segmental branches. It is important to have the
incision in the center of the vessel to optimize the visualization. Care should be taken not to tear the corners of
the arteriotomy by excessive retraction. PA  pulmonary artery.
Technique of pulmonary thromboendarterectomy 173Figure 5 Endarterectomy of the right pulmonary artery. The arteriotomy is retracted laterally with a forceps to open the
lumen. Resection of any fresh thrombi can be performed to obtain a better view of the wall of the artery. The plane of
endarterectomy has to be identified in the proximal pulmonary artery branches and then dissected distally into the
segmental and subsegmental branches. The correct plane is recognized by the presence of a smooth white shiny layer.
When the plane of dissection is too deep in the wall of the artery, the layer becomes pinkish due to the proximity of
adventitia. When the plane of dissection is too superficial, the plane contains residual scar-like tissue that is difficult to
separate from the wall of the artery. Once the correct plane of endarterectomy is identified, the dissection is extended
as distally as possible until the visualization is impaired by the retrograde flow from the bronchial circulation. Once
visibility is limited, circulatory arrest is performed. All venous lines to the patient are turned off to prevent aspiration
of air as the patient undergoes exsanguination. The circulatory arrest is limited to a maximum of 20 to 25 minutes at
a time. Typically, 1 circulatory arrest is enough to complete 1 side. However, if a longer period of arrest is required, the
cardiopulmonary bypass is restarted for 5 to 10 minutes of reperfusion and a second arrest is performed. The goal is to
achieve a complete endarterectomy of both lungs even if more than 2 circulatory arrests are required.
174 I. Opitz and M. de PerrotFigure 6 Instruments for pulmonary endarterectomy. The right-sided part of the figure shows the different endarter-
ectomy dissectors. These are blunt dissectors with a suction channel inside to maintain a bloodless field of dissection.
Spatulas are used to elevate the plane of endarterectomy (plane finder) and forceps and/or graspers are used to hold the
endarterectomy specimen while it is dissected off the pulmonary artery wall.
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Technique of pulmonary thromboendarterectomy 175Figure 7 Endarterectomy of the right pulmonary
rtery. The endarterectomy dissectors are used
o dissect the plane of endarterectomy down to
he segmental and subsegmental branches in
ach lobe. The large straight endarterectomy
issector is used for most of the dissection. The
lane of dissection should be circumferential in
he lumen of the artery to be able to follow the
lane of dissection into each arterial branch
own to the segmental and subsegmental level
nd reach the tail of the endarterectomy speci-
en. The dissection is performed by gently
ushing the wall of the artery away from the cast
f endarterectomy that is progressively pulled
ack to expose the bifurcations and allow each
ranch to be dissected individually. Extreme
are must be taken not to break the cast of end-
rterectomy once the dissection is extended into
he segmental branches because the remaining
ortion of the cast will retract into the lung and
ill be difficult to reaccess. PA  pulmonary
rtery.
176 I. Opitz and M. de PerrotFigure 8 Arteriotomy closure of the right pulmonary artery. After completion of the right endarterectomy, the cardio-
pulmonary bypass is restarted and the arteriotomy is closed with 2 running sutures of 5-0 polypropylene. The patient’s
core temperature is maintained at 20°C during that time. PA  pulmonary artery.
Technique of pulmonary thromboendarterectomy 177Figure 9 Arteriotomy of the left pulmonary artery. The line of incision of the left pulmonary artery follows a semicircular
curve down to the level of the arterial ligament. The pulmonary artery vent is positioned into the right pulmonary artery
to drain the right-sided bronchial circulation while the endarterectomy is performed on the left side. PA pulmonary
artery.
178 I. Opitz and M. de PerrotFigure 10 Endarterectomy of the left pulmonary artery. Endarterectomy of the left pulmonary artery is analogous to the
right side. Hypothermic circulatory arrest is performed for up to 20 to 25 minutes. Anatomically, the descending
branch of the pulmonary artery to the left lower lobe is more difficult to reach because it curves behind the left
bronchus. Sectioning the arterial ligament allows the complete mobilization of the left main pulmonary artery and
facilitates the endarterectomy in the descending branch of the pulmonary artery behind the left main bronchus. PA
pulmonary artery.
Technique of pulmonary thromboendarterectomy 179Figure 11 Arteriotomy closure of the left pulmonary artery. After completion of the left endarterectomy, cardiopulmo-
nary bypass is restarted and the arteriotomy is closed with 2 running 5-0 polypropylene sutures. The warming process
begins. The heart is de-aired and the aortic cross-clamp is removed. The vents are removed from the pulmonary artery
and the left ventricle once the patient is rewarmed to a core temperature of 36°C and cardiopulmonary bypass is
weaned. Atrial and ventricular pace wires are positioned. Chest tubes are placed and the sternotomy is closed. Careful
hemostasis is important to facilitate the postoperative management.
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The results of pulmonary endarterectomy in experienced
centers have improved substantially over the past 10 years to
the point that the surgery can currently be performed with
similar risks as any other major cardiothoracic surgery. A
recent prospective international registry that included most
of the European centers and Toronto has shown that the
surgery can safely be done with reproducible results in all
centers.3 The overall operative mortality after elective pulmo-
ary endarterectomy is 2% in our experience in Toronto,
ith 74% of the patients being extubated within 2 days after
urgery and 65% of the patients being discharged home
ithin 15 days.4 The majority of patients do not require any
blood transfusion, as blood conservation strategies are used
during the surgery.5 Pulmonary endarterectomy is associated
ith major clinical and physiological improvement and the
Figure 12 Endarterectomy specimen of the right and the left
specimen reveals a true cast of the pulmonary vascular tre
mental branches. In situ thrombosis canoccasionally occur
associated with localized poor blood flow. However, in situ
thepresenceof chronic thromboembolic disease, a thrombe
result in a reduction of the pulmonary vascular resistan
subsegmental obstruction of the pulmonary arterial tree an
(Color version of figure is available online at http://www.oajority of the patients return to functional class I or II afterurgery. The long-term outcome after pulmonary endarter-
ctomy remains excellent with a 5-year survival 90% on a
reatment of anticoagulation alone.4
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nary artery.Histologic examination of the endarterectomy
ed with elastic fibrin down to the segmental and subseg-
ult of obstructionof segmental and subsegmental branches
bus is the consequence of the disease and not its cause. In
or an embolectomywithout a true endarterectomywill not
ly a true endarterectomy can release the segmental and
ide a chance to normalize the pulmonary artery pressures.
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